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(57) ABSTRACT

A nanostructure and method for assembly thereof are dis-
closed. An exemplary nanostructure includes a photocatalytic
nanoparticle; a first tier of metal nanoparticles, each metal
nanoparticle of the first tier being linked about the photocata-
lytic nanoparticle; and a second tier of metal nanoparticles,
each metal nanoparticle of the second tier being linked to one
of the metal nanoparticles of the first tier and located a dis-
tance from the photocatalytic nanoparticle greater than a dis-
tance between a metal nanoparticle of the first tier and the
photocatalytic nanoparticle.
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NANOSTRUCTURE HAVING METAL
NANOPARTICLES AND METHOD OF

ASSEMBLY THEREOF

RELATED APPLICATIONS

This application is a continuation-in-part and claims the
benefit of U.S. application Ser. No. 12/379,495, filed Feb. 24,
2009 which is herein incorporated by reference in its entirety
for all purposes.

FIELD OF THE INVENTION

A nanostructure including metal nanoparticles, and a
method of assembling a nanostructure including metal nano-
particles, are disclosed.

BACKGROUND

Gold metal nanoparticles have been used as a pigment to,
for example, stain glass. More recently, there has been
research into developing metal nanostructure assemblies,
including structures made from noble metals such as gold and
silver. For example, it is known to use an electromagnetic
wave to excite a strong resonance condition in metal nano-
particles, which can lead to enhanced, localized electromag-
netic fields.

SUMMARY

A nanostructure is disclosed which includes a photocata-
Iytic nanoparticle, a first tier of metal nanoparticles, and a
second tier of metal nanoparticles. Each metal nanoparticle of
the first tier is linked about the photocatalytic nanoparticle,
and each metal nanoparticle of the second tier is linked to one
of the metal nanoparticles of the first tier and is located a
distance from the photocatalytic nanoparticle that is greater
than a distance between a metal nanoparticle of the first tier
and the photocatalytic nanoparticle.

An exemplary method is also disclosed for assembling an
exemplary nanostructure. The method includes attaching a
first linker about a photocatalytic nanoparticle, attaching a
second linker to a first metal nanoparticle, and attaching the
first metal nanoparticle about the photocatalytic nanoparticle
by connecting the first linker and the second linker. A second
metal nanoparticle is attached to the first metal nanoparticle
by attaching a third linker to the first metal nanoparticle,
attaching a fourth linker to the second metal nanoparticle and
connecting the third linker and the fourth linker.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are included to pro-
vide a further understanding and are incorporated in and
constitute a part of this specification, illustrate embodiments
of the invention that together with the description serve to
explain the principles of the invention. In the drawings:

FIG. 1 is a diagram of an exemplary nanostructure having
two tiers of metal nanoparticles.

FIG. 2 shows graphs depicting exemplary intensity
enhancement and metal non-radiative lifetimes in relation to
wavelength for the differences in enhancement between
single tier and multi-tier nanostructures.

FIG. 3 shows graphs depicting exemplary effects of difter-
ent types of dielectrics on a resonance wavelength of a nano-
structure.
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FIGS. 4A and 4B are high level diagrams showing an
exemplary method of connecting a photocatalytic nanopar-
ticle and a metal nanoparticle.

FIG. 5 are high level diagrams showing an exemplary
embodiment of the injection structure.

FIG. 6 is a diagram of a working example of the nanostruc-
ture having two tiers of metal nanoparticles.

DETAILED DESCRIPTION

FIG. 1 is a diagram of an exemplary nanostructure 100,
including a photocatalytic nanoparticle 110, first tier 120 of
metal nanoparticle, and a second tier 130 of metal nanopar-
ticles. Each metal nanoparticle 120a to 1201 of the first tier is
linked about the photocatalytic nanoparticle 110 (e.g.,
attached to the photocatalytic nanoparticle or about a void
created to represent the photocatalytic nanoparticle), and
each metal nanoparticle 130a to 130f of the second tier is
linked to one of the metal nanoparticles 120a to 120/ of the
first tier, respectively. The metal nanoparticles of the second
tier 130 are located a further distance from the photocatalytic
nanoparticle 110 than a distance between the metal nanopar-
ticles of the first tier 120 and the photocatalytic nanoparticle
110.

Embodiments of a nanostructure including first and second
metal nanoparticle tiers can confine light approaching the
nanostructure in almost any direction and excite surface plas-
mons. These surface plasmons, in turn, can produce a focused
electric field in a resonance cavity comprising the first tier 120
and second tier 130.

The two tiers of metal nanoparticles 120, 130 shown in
FIG. 1 can act as a three-dimensional feedback structure or
resonance cavity that amplifies the electric field within the
resonance cavity via electromagnetic enhancement. The
enhanced field can be highly localized at a place serving as a
“hot spot” for the field enhancement and a site for locating the
photocatalytic nanoparticle 110. These metal nanoparticle
assemblies can be, for example, any kind of metal nanopar-
ticle structure assembly that has a dielectric constant having a
negative real part. Examples of metals for the metal nanopar-
ticles include gold, silver, aluminum, copper, titanium, chro-
mium, and other metals capable of supporting surface plas-
mons.

The photocatalytic nanoparticle 110 is a material having
the capability of producing excitons, such as a semiconductor
material, or any other desired particle to be exposed to an
enhanced field. For example, photocatalytic nanoparticle 110
may be a light-emitting semiconductor material, such as II-VI
or [II-V semiconductor material, for example CdSe, GaAs,
InSh, or LiNbOj;, or other types of semiconductor materials.
In other embodiments, the nanoparticle to which the first tier
120 of metal nanoparticles 120qa to 120fis attached can be a
magnetic particle, or a place-holder nanoparticle that does not
need to interact with the surrounding feedback structure and
which can be removed if desired. This placeholder nanopar-
ticle can be on the order of 1 nm or smaller, for example
although the placeholder nanoparticle also may be larger than
1 nm.

The photocatalytic nanoparticle 110 can also be a core
semiconductor nanoparticle covered with a shell layer of
another wider bandgap semiconductor material to form a
core-shell heterostructure. For example, a CdSe semiconduc-
tor nanoparticle can serve as the core and a ZnS epitaxial layer
can function as the shell in an exemplary heterostructure
embodiment, although other semiconductor materials may be
used to form the heterostructure. A heterostructure can mini-
mize the number of surface traps, yield greater charge recom-
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bination (quantum yield), reduce leakage current, and
improve injection characteristics.

By varying the number of tiers of metal nanoparticles, the
relative sizes of the metal nanoparticles, and/or the distances
between the metal nanoparticles, parameter values can be
determined that allow for extraction of a maximum enhance-
ment from a given nanoparticle configuration. For example,
an exemplary nanostructure embodiment may include a metal
nanoparticle and/or photocatalytic nanoparticle shape chosen
to tune the structure to a particular resonant wavelength.
Although the metal nanoparticles shown in FIG. 1 are
depicted as spheres, the shape of a metal nanoparticle may be
arod, triangle, plate, pentagon, ellipsoid, or any other desired
shape. Other parameters that may be controlled to increase
electromagnetic field enhancement include varying the size
of' a metal nanoparticle and varying the size of metal nano-
particles from one tier group relative to another.

Keeping the distances between the nanoparticles propor-
tional while increasing only the sizes of the nanoparticles can
yield a high result gain increase that follows a power law with
the sizes of the nanoparticles. The non-radiative decay rate
does not necessarily increase correspondingly. By bringing
the nanoparticles closer together for a given nanoparticle
diameter set, the enhancement and non-radiative lifetime can,
for example, increase exponentially.

The associated wavelength of a photocatalytic nanopar-
ticle, for example, a semiconductor nanoparticle, may be
adjusted by, for example, controlling a size (e.g., diameter) or
shape of the nanoparticle to tune it to a desired emission or
lasing wavelength. For example, a range of wavelengths from
490-620 nm, or lesser or greater, can be achieved for CdSe
semiconductor nanocrystals by appropriately varying the
diameter of the CdSe nanoparticle. Wider or narrower ranges
ofwavelengths can be achieved by using other semiconductor
material compositions.

Referring to FIG. 1, the metal nanoparticles 120a to 120/
and 130a to 130/, and the photocatalytic nanoparticle 110 can
be linked using organic linkers. A first linker 111, a second
linker 112, and a connection point 113 between the first and
second linkers, is provided between the photocatalytic nano-
particle 110 and each metal nanoparticle of tier 120. Third
linker 121 and fourth linker 122 with an intermediate connec-
tion point 123 are provided between each metal nanoparticle
of'the first tier 120 and each metal nanoparticle of the second
tier 130. The linkers connecting the photocatalytic nanopar-
ticle 110 and the tiers of metal nanoparticles 120, 130 can be
any organic ligand type, such as alkane linkers or polyethyl-
ene glycol (PEG) linkers, or another type of linker composed
of organic material using attachment chemistry such as
biotin-streptavidin, or amine and N-hydroxysuccinimide, etc.

While FIG. 1 shows nanostructure 100 as having metal
nanoparticles 120a to 1201 attached to six “sides” of a pho-
tocatalytic nanoparticle 110, with three orthogonal axes,
other embodiments may be arranged on fewer or more axes
and utilize a fewer or greater number of first and second tier
nanoparticles per nanostructure to focus the field. The pattern
of the overall nanostructures may be self-similar or any other
type of pattern. Furthermore, some embodiments of nano-
structure geometries may include more than two tiers to pro-
vide large localized field enhancements to amplify (e.g.,
increase or decrease (i.e., attenuate)) the electric field within
the cavity. A distance d1 between a metal nanoparticle in tier
120 and the photocatalytic nanoparticle 110, and a distance
d2 between a metal nanoparticle in tier 120 and a metal
nanoparticle of tier 130 may be set to particular values to
control field enhancement. Because the nanostructure 100
can be assembled smaller than the wavelength of light, for
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example, in sizes on the order of about 100-200 nm, it can
have a very high packing density that permits its use in a
variety of optical and/or other applications.

The nanostructure 100 can be assembled tier by tier start-
ing from the semiconductor nanoparticles. The number of
tiers can vary to control the enhancement, as well as the size
and distances of the nanoparticles. The nanoparticles can be
of any shape such as rods, sphere, triangles, etc. The pattern
can be self-similar or any other type. Typical structure size is
~100-200 nm. The resonator structure could be embedded in
polymer or other materials to provide support and increase the
surrounding dielectric constant to provide additional
enhancement.

FIG. 2 is a graph showing increased enhancement provided
by a multi-tiered structure. As shown in FIG. 2, the graph 210
represents enhancement provided by a nanostructure having a
first tier including two metal nanoparticles around a centrally
located nanoparticle, and the graph 220 represents enhance-
ment provided by adding a second tier of metal nanoparticles.
The second tier provides two additional metal nanoparticles,
resulting in a nanostructure with a total of four metal nano-
particles around a centrally located nanoparticle. As can be
seen in FIG. 2, a nanostructure having only a single metal
nanoparticle tier can provide a slight enhancement to the
field. However, providing additional metal nanoparticle tiers
can substantially increase enhancement. For example, pro-
viding a second metal nanoparticle tier located a distance
further from the first metal nanoparticle tier can increase
enhancement by up to an order of magnitude, or even greater.

Graph 230 of FIG. 2 represents a metal non-radiative life-
time (i.e., a rate at which the photocatalytic nanoparticle
couples to non-radiative modes of the metal nanoparticles),
resulting from both the one-tier structure corresponding to
graph 210 and the two-tier structure corresponding to graph
220. A negligible increase in the metal non-radiative lifetime
is incurred when a second tier is provided to the nanostruc-
ture, and the graph of the metal non-radiative lifetime for the
one-tier structure coincides (overlaps) with the graph of the
metal non-radiative lifetime for the two-tier structure, as
shown in graph 230. As can be seen from FIG. 2, enhance-
ment can be an order of magnitude greater when nanopar-
ticles are provided further away from the photocatalytic nano-
particle with no substantial increase of coupling to the non-
radiative lifetime. A significant increase in enhancement can
be obtained almost independently of non-radiative loss, by
optimizing the geometry of the system.

The plasmonic resonance condition can change with the
dielectric constant of the environment surrounding the nano-
structures. For instance, it is possible to tune the enhancement
and/or the resonance wavelength of the nanostructure by
changing the surrounding coating material and its corre-
sponding dielectric. For example, an enhancement control
variable may be the inclusion of a coating on the metal nano-
particles that has a different dielectric constant than the metal,
for example, silicon dioxide. The nanostructures may be
embedded in a polymer or other type of material to provide
support to the nanostructure. This can permit another aspect
of dielectric tuning. The frequency and/or intensity of the
plasmonic resonance are known to be sensitive to the dielec-
tric properties of the surrounding medium. For example, the
plasmonic resonance can be sensitive to the refractive index
of matter close to the nanostructure surface.

In FIG. 3, exemplary effects of a dielectric constant on the
field enhancement of the nanostructure are shown, as well as
the corresponding metal non-radiative lifetime. Graphs 310,
320, and 330 show intensity enhancements in the structure for
the surrounding environments of air, glass, and water, respec-
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tively. As shown, when the dielectric constant of a material
surrounding the nanostructure increases, the field enhance-
ment correspondingly increases. The wavelength is also red-
shifted as the dielectric constant of the surrounding material
increases.

Additionally graphs 311, 321, and 331 of FIG. 3 represent
the metal non-radiative lifetime corresponding to the non-
radiative recombination rate for air, glass, and water, respec-
tively. The non-radiative lifetime is shown as decreasing as
the dielectric constant of the surrounding material increases.
FIG. 3 shows that as the enhancement increases by an order of
magnitude between air and glass, the non-radiative decay rate
decreases only by a factor of 2. As enhancement grows, the
photocatalytic nanoparticle non-radiative recombination rate
into the metal grows as well, but much less than the actual
enhancement, making dielectric shifting an efficient enhance-
ment tuning method. Not only does the surrounding material
provide a means for fine-tuning the enhancement strength and
peak wave length, it can also provide support for the nano-
structure.

Embodiments can include a nanoparticle having non-linear
optical properties placed ina location of the focused high field
(i.e., an enhanced field part of a nanostructure). Such nano-
particle materials may exhibit second or third order non-
linearity. The optical properties of these non-linear nanopar-
ticle materials can change as a function of a field in which the
nanoparticle is placed. For example, use of non-linear mate-
rials for the nanoparticles in these structures would permit
optic behavior that would normally occur at a high intensity to
occur at lower (e.g., order of magnitude lower) intensity. This
can substantially increase the potential applications for such
a structure, such as more efficient optical switching

A self-assembly method for creating this nanostructure can
permit control to be retained over the number of layers, par-
ticle material composition, size, shape and/or overall devel-
opment of the structure. This method can permit the structure
to have a self-guided assembly that yields a high volume of
product due to the selective nature of self-assembly chemistry
(i.e. because each particle can selectively bind to another kind
of particle, there can be a high yield of the desired product).
This can be carried out by using organic linkers that can attach
to another kind of linkers but not to themselves.

The first linkers that are attached about and/or to the pho-
tocatalytic nanoparticle are linkers that can favorably bond to
a photocatalytic particle at one end and have a terminal func-
tional group at the other end that favorably bonds to a second
kind of linkers. The second kind of linkers can be selected to
favorably bond to the metal nanoparticles at one end and
include a functional group at the other end that will favorably
bond to the first kind of linkers. These linkers can act analo-
gously to magnets. Just as magnets have two distinct poles
which only connect north to south, these linkers attach only at
certain ends, and not others, and use these attachment points
to connect together in a manner similar to stacking blocks.

In general, exemplary linkers will be of the form H,N—
R—COOH, where R is an organic linker of any desired
length. The H,N (amine functional group) and the COOH
(carboxylic acid functional group) are two exemplary termi-
nal groups for the different types of linkers. This can permit
the linkers to connect by peptide bonding (i.e., the bonding
mechanism of amino acids), where the amine functional
groups can, for example, bond to the carboxylic acid func-
tional groups. In an exemplary embodiment, to form the first
tier of metal nanoparticles around a photocatalytic nanopar-
ticle, the photocatalytic particle can be coated with a plurality
of first linkers having one of the two exemplary terminal
groups. A plurality of first metal nanoparticles can be coated
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with a plurality of second linkers having the other of the two
exemplary terminal groups. When these two types of nano-
particles are combined, the amine end of each of the linkers
can combine with the carboxylic acid end of each of the
linkers. This permits the nanoparticles to be linked in a way
that can prevent the first tier metal nanoparticles from attach-
ing to each other. To add an additional tier of metal nanopar-
ticles, the first tier of metal nanoparticles is coated with a
plurality of third linkers similar to or the same as the first
linkers and a second tier of metal nanoparticles is coated with
a plurality of fourth linkers similar to or the same as the
second linkers. These linkers can be connected in the manner
described above. In some embodiments, the nanostructure
possesses two tiers; however, additional tiers of metal nano-
particles are possible and can be added in a manner similar to
the first tier or in some other manner.

FIGS. 4A and 4B are diagrams showing an exemplary
method for assembling (i.e., fabricating) a nanostructure. In
FIG. 4A, photocatalytic nanoparticle 410 and metal nanopar-
ticle 420 are shown. The photocatalytic nanoparticle has an
organic linker 401 of any desired length attached to the nano-
particle, and the metal nanoparticle has a similar organic
linker 402 of any desired length attached to the nanoparticle.
Each of these linkers has a preferred terminal group attached
to the other end.

For example, in FIG. 4A, a carboxylic acid functional
group 403 is attached to the terminating end of the linker 401
connected to the photocatalytic nanoparticle and an amine
functional group 404 is attached to the terminating end of the
linker 402 connected to the metal nanoparticle.

In FIG. 4B, the amine and carboxylic acid functional
groups of FIG. 4A have reformed to arrange the nitrogen of
the amine group and the doubly bonded oxygen of the car-
boxylic acid group into group 405, effectively joining photo-
catalytic nanoparticle 410 and metal nanoparticle 420. In
exemplary embodiments, the functional groups used for link-
ing nanoparticles are amines and carboxylic acids. However,
other suitable functional groups or chemical moieties can be
used for connected different kinds of nanoparticles.

Because of the unique optical properties that can result
from the interactions between the photocatalytic nanoparticle
and the feedback structure, and the three-dimensional con-
finement these nanostructure assemblies are able to achieve,
there is great potential for novel applications for these struc-
tures. Unlike a two-dimensional surface where a field can
involve a certain polarization, where light entry can be limited
to a certain direction, and where the amount of field inside can
depend strongly on the direction (e.g., nanorods and nanow-
ires that confine light only in two dimensions), the three-
dimensional (3-D) aspect disclosed herein is substantially
directionally independent. The 3-D structures described
herein can confine light propagating from almost any direc-
tion, resulting in a capacity for a greatly enhanced localized
electric field.

For example, the enhanced electric field created by a super-
structure arranged around some light-emitting nanoparticle,
such as a quantum dot or other photocatalytic nanoparticle,
can be used to stimulate an increase in emission from that
light-emitting nanoparticle. The 3-D super-structure can
alternatively be arranged around a non-linear material, a mag-
netic material or even a molecule of heavy water, for the
purpose of confining light and focusing the electromagnetic
energy from all directions into localized spot. Additionally,
while 3-D confinement is present in certain existing applica-
tions such as photonic band gap crystals, these crystals can
include many defects, and their growth and resulting form can
be difficult to control. To generate enhancement, the crystals
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are thousands of layers thick. As described herein, a means of
generating 3-D confinement can be achieved using several
layers of nanoparticles.

FIG. 5 is an example of a preferred embodiment of the
injection structure 500 where the structure could be made
from polymer or semiconductor. In this embodiment, insulat-
ing layers 520a, 5205 are on either side of the nanostructure
510. On opposing sides of the nanostructure are also a
p-doped layer 522, and an n-doped layer 524. Current passes
through the laser structure by tunneling. The resonator struc-
ture could be embedded in polymer or other materials to
provide support in this embodiment as well.

Embodiments of the invention are illustrated further by the
following working example, described with reference to FIG.
6:

EXAMPLE 1

An example nanostructure 600 could start with a photo-
catalytic nanoparticle 610 of Cadmium Selenide (CdSe).
CdSe, as synthesized, has a bulk surface coating of trio-
ctylphosphine oxide (TOPO). This can be removed and
replaced with another ligand by a process of mass action. To
a concentrated solution of CdSe, a 10x volume of pyridine
may be added. This can then heated to 40 to 50° C. overnight
to allow for ligand exchange, e.g. removal of the TOPO and
replacement with pyridine. After 24 hours, the pyridine
coated CdSe nanoparticles can be precipitated by the addition
of methanol, and centrifuged at 2500 rpm for 20 minutes
(until the supernate is colorless). The methanol can be
decanted, at which point the required linker 611 can be added.
For this example the linker 611 might be 4-aminothiophenol.
This solution could then be heated at 40 to 50° C. overnight.
After 24 hours octanol may be added to precipitate the CdSe
nanoparticles coated with the linker 611, the flocculent solu-
tion is then centrifuged to pellet, the supernate decanted, and
the isolated linker 611 coated CdSe resuspended in toluene.
The photocatalytic nanoparticle 610 of CdSe is now com-
pleted and ready to be used for further assembly.

At this point, a second linker 612 can be attached to a first
metal nanoparticle 620. In the present example, gold (Au)
nanoparticles could be used as the first metal nanoparticle
620. Gold (Au) nanoparticles, as synthesized from a triphos-
phineogold oxonium salt [O(AuPPh3)3|BF4, have a bulk
surface coating of hexadecylamine (HDA). This can be
removed and replaced with another ligand by a process of
mass action. To a concentrated solution of HDA coated gold
nanoparticles, a 10x volume of pyridine may be added. This
may then be heated to 40 to 50° C. overnight to allow for
ligand exchange, e.g. removal of the HDA and replacement
with pyridine. After 24 hours, the pyridine coated gold nano-
particles may be precipitated by the addition of methanol, and
centrifuged at 2500 rpm for 20 minutes (until the supernate is
colorless). The methanol may be decanted, and the required
linker 612 added. For this example the linker 612 might be
4-mercaptobenzoic acid activated with dicyclohexylcarbodi-
imide (DCC). This solution could then be heated at 40 to 50°
C. overnight. After 24 hours octanol can be added to precipi-
tate the CdSe nanoparticles coated with linker 611, the floc-
culent solution may then be centrifuged to pellet, the super-
nate decanted, and the isolated linker 611 coated CdSe
resuspended in toluene. The metal nanoparticle 620 of gold is
now completed and ready to be used for further assembly. A
third linker 621 can be attached to a first metal nanoparticle
620 in the same way as the second linker 612 is attached.

At this point, the gold metal nanoparticle 620 may be
attached to the CdSe photocatalytic nanoparticle 610. To the
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solution of linker 611 coated CdSe nanoparticles 610, a solu-
tion of linker 612 coated gold nanoparticles 620 may be added
drop wise in anhydrous toluene at a 1:6 molar ratio and heated
to 40to 50° C. for 36 hours. The exposed amine and activated
carboxylic acid moieties from the respective attached CdSe
and gold particle linkers 611, 612 may undergo a condensa-
tion reaction producing dicyclohexyl urea. Once the reaction
time is complete, the coupled particle superstructure may be
isolated and purified by precipitation from an 33/66% solu-
tion of ethanol/octanol and centrifuged to pellet. Once the
supernate is decanted, the coupled particle superstructure can
be resuspended in toluene and ready for use or further assem-
bly.

At this point, a third linker 621 can be attached to the gold
metal nanoparticle. As described above, gold (Au) nanopar-
ticles 620, from [O(AuPPh3)3|BF4, have a bulk surface coat-
ing of hexadecylamine (HDA). This can be removed and
replaced with another ligand, different from the activated
carboxylic acid described above. Thus, to a concentrated
solution of HDA coated gold nanoparticles 620, a 10x volume
of pyridine may be added. This solution can then be heated to
40 to 50° C. overnight to allow for ligand exchange, e.g.
removal of the HDA and replacement with pyridine. After 24
hours, the pyridine coated gold nanoparticles are precipitated
by the addition of methanol, and centrifuged at 2500 rpm for
20 minutes (until the supernate is colorless). The methanol is
decanted, and an amine linker 621 added. For this example
the linker 621 might be 4-aminothiophenol. This solution
could then be heated at 40 to 50° C. overnight. After 24 hours
octanol may be added to precipitate the gold nanoparticles
610 coated with linker, the flocculent solution may then be
centrifuged to pellet, the supernate decanted, and the isolated
linker coated gold resuspended in toluene. The metal nano-
particle 620 is now completed and ready to be used for further
assembly.

At this point, a fourth linker 622 may be attached to a
second metal nanoparticle 630 and the third linker 621 and
fourth linker 622 may be used to couple metal nanoparticle
620 to metal nanoparticle 630. To a solution of linker coupled
particle superstructure, a solution of amine linker coated gold
nanoparticles 610 may be added drop wise in anhydrous
toluene at a 1:6 molar ratio and heated to 40 to 50° C. for 36
hours. The exposed activated carboxylic acid moieties
remaining on the surface of the coupled particle superstruc-
ture may react with the amine functional group from the
respective gold particle linkers and undergo a condensation
reaction producing dicyclohexyl urea. Once the reaction time
is complete, the coupled particle superstructure may be iso-
lated and purified by precipitation from an 50/50% solution of
ethanol/octanol and centrifuged to pellet. Once the supernate
is decanted, the nanoparticle 600 is resuspended in toluene
and ready for use.

In some embodiments of the above example, it may be
desirable for like linkers to not attach to one another. Utilizing
peptide bond chemistry, specific orientation, e.g. ‘lock-n-
key’, to the nanoparticles can be attributed as the chemistry
can only be amine to carboxylic acid coupled. Thus incorrect
orientations such as CdSe to CdSe or gold to gold coupling
might want to be avoided in creating the coupled particle
superstructure as described above. In addition to the one way
directional nature of the peptide bond, steric hindrance may
also utilized to control spatial orientation. Since a nanopar-
ticle and its surface ligands occupies volume, geometrically it
is a spherical in shape. As the functional groups are only on
the surface of this sphere (exposed ends of the linkers), and
solid spheres interact tangential to a plane, two spheres can
only interact at a single point. Molecularly, this limits the
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number of surface chemical groups that can react from
between one to four depending on size of the two nanopar-
ticles (curvature of the surface is respective to the radius).
Thus only between 5 to 7 gold nanoparticles can fit around a
single photocatalytic nanoparticle and make tangential con-
tact (chemically couple). Due to the ‘lock-n-key’ nature of the
peptide bond formation, coupling between the 6 to 8 metal
nanoparticles in proximity once coupled to the photocatalytic
particle will not occur. Finally, this superstructure may now
present an exposed surface of DCC activated carboxylic acids
for a further shell of metal nanoparticles functionalized with
an amine terminated moiety to be added if required. Once
again, because of ‘lock-n-key’ nature of the peptide coupling
reaction and the tangential spatial spherical surface interac-
tion, the current shell (n) being added can only do chemistry
to the previous shell (n-1) and cannot add to an earlier shell
(n-2).

The sulfur moiety chosen for attachment of the linkers to
both exampled nanoparticles, CdSe and gold, is suitable
chemistry to bind to other metal nanoparticles as well. These
could include nanoparticles created from silver, aluminum,
coppet, titanium, or chromium.

Since the electronic or optical properties of the overall
super molecular structure ‘device’ may require specific place-
ment of the metal nanoparticle shells 620 relative to the pho-
tocatalytic nanoparticle center 610 and each respective shell,
linker length may need to be changed between the shells.
Since the total spacing between the shells is the molecular
length of the coupled surface ligands, use of an additional
ligand different from those utilized in the example above may
be required. For example, a replacement ligand for the second
gold nanoparticle shell with twice the radial spacing could be
utilized from reduced 4'-amino-4-biphenylsulfonyl fluoride
producing 4'-amino-4-biphenylthiol. Utilization of the
4-aminothiophenol, 4-mercaptobenzoic acid, 4-ami-
nothiophenol system will provide a symmetric shell spacing
d1=d2 while the 4-aminothiophenol, 4-mercaptobenzoic
acid, 4'-amino-4-biphenylthiol provides for d1<d2 shell spac-
ing. Other shell spacings can be generated from other oligo-
mer type molecules with repeating units. A further example
would be short chain polyethylene glycol derivatives.

One of the disadvantages of prior art nanotechnology
inventions is the wide range of variability that can occur when
using fewer particles in metal-semiconductor assemblies.
Alexander O. Govorov,*,T Garnett W. Bryant,} Wei Zhang, T
Timur Skeini,T Jaebeom Lee,§ Nicholas A. Kotov,§ Joseph
M. Slocik,| and Rajesh R. Naik| Exciton-Plasmon Interaction
and Hybrid Excitons in Semiconductor-Metal Nanoparticle
Assemblies, 6 NANO Letters 984 (2006). According to
Govorov et al., optical emissions of smaller metal-semicon-
ductor assemblies are modified strongly by interparticle cou-
lomb interaction. Id. Govorov et al., goes on to describe that
the interaction between individual nanoparticles is revealed
as an enhancement or suppression of emission. Id. Enhanced
emission comes from electric field amplified by the plasmon
resonance, whereas emission suppression is a result of energy
transfer from semiconductor to metal nanoparticles. Id. The
emission intensity and energy transfer rate depend strongly
on the geometrical parameters of the superstructure and the
physical and material properties of the nanoparticles. In par-
ticular, the emission enhancement effect appears for nanopar-
ticles with relatively small quantum yield, and silver nano-
particles have stronger enhancement compared to gold ones.
1d.

One of the general aspects of this embodiment of the inven-
tion is that it avoids the uncertainty and variability that con-
cerned Govorov et al., through two factors (1) containment of
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the field and (2) decreasing the flexibility of the linker sys-
tems. The first factor, containment of the field, literally refers
to the containment properties that the numerous particles 620
provide simply by surrounding the inner particle 610. As
discussed in reference to FIGS. 3, 4a, and 45, the wavelength
graphs show that the more particles, the narrower the
enhanced emission window. By using conjugated aromatics,
this embodiment of the present invention is stiff and resistant
to bending. Therefore it is more dimensionally stable, less
prone to temperature variations, and thus, reduces homoge-
neous broadening which was troublesome in the prior art.

It will be apparent to those skilled in the art that various
changes and modifications can be made in the method and
system for accumulating and presenting device capability
information of the present invention without departing from
the spirit and scope thereof. Thus, it is intended that the
invention cover the modifications of this invention provided
they come within the scope of the appended claims and their
equivalents.

What is claimed is:

1. A nanostructure comprising:

a photocatalytic nanoparticle comprised of a semiconduc-
tor material;

a first tier of metal nanoparticles said metal selected from
the group consisting of gold, silver, and copper, each
metal nanoparticle of the first tier being linked about the
photocatalytic nanoparticle; and

a second tier of metal nanoparticles said metal selected
from the group consisting of gold, silver, and copper,
each metal nanoparticle of the second tier being linked to
one of the metal nanoparticles of the first tier and located
a distance from the photocatalytic nanoparticle greater
than a distance between a metal nanoparticle of the first
tier and the photocatalytic nanoparticle, wherein

at least one first linker comprising a condensation product
of a linker having an amine fuctional group and a linker
having a carboxylic acid functional group is attached to
the photocatalytic nanoparticle;

a second linker comprising a condensation product of a
linker having an amine functional group and a linker
having a carboxylic acid functional group is attched to
each metal nanoparticle of the first tier;

athird linker comprising a condensation product ofa linker
having an amine functional group and a linker having a
carboxylic acid functional group is attached to each
metal nanoparticle of the first tier; and

a fourth linker comprising a condensation product of a
linker having an amine functional group and a linker
having a carboxylic acid functional group is attached to
second metal nanoparticles of the second tier, wherein
like ones of the first through fourth linkers do not attach
to one another.

2. The nanostructure according to claim 1, wherein the

photocatalytic nanoparticle is a quantum dot.

3. The nanostructure according to claim 1, wherein the

semiconductor material comprises a heterojuntion.

4. The nanostructure according to claim 1, wherein the

metal nanoparticles are comprised of gold.

5. The nanostructure according to claim 1, wherein the

nanostructure is located in a dielectric medium.

6. The nanostructure according claim 5, wherein the

medium shifts the resonant wavelength of the nanostructure.

7. The nanostructure according to claim 5, wherein the

dielectric constant of the dielectric medium is adjustable.

8. The nanostructure according to claim 1, wherein metal

nanoparticles of the first and second tiers are coated with a
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material having a dielectric constant different from a dielec-
tric constant of the metal nanoparticles.
9. The nanostructure according to claim 1 where the first
through fourth linkers are polyethylene glycol (PEG) linkers.
10. The nanostracture according to claim 1, wherein the
size of metal nanoparticles of the first group is different from
the size of the metal nanoparticles of the second tier.
11. The nanostructure according to claim 10, wherein
metal nanoparticles of the second tier are larger than metal
nanoparticles of the first tier.
12. A method for assembling a nanostructure, comprising:
attaching a first linker comprising a condensation product
of a linker having an amine functional group and a linker
having a carboxylic acid functional group is to a photo-
catalytic nanoparticle, wherein said photocatalytic
nanoparticle is comprised of a semiconductor material;

attaching a second linker comprising a condensation prod-
uct of a linker having an amine functional group and a
linker having a carboxylic acid functional group is about
a first metal nanoparticle, said metal of said first metal
nanoparticle being selected from the group consisting of
gold, silver, and copper;

attaching the first metal nanoparticle about the photocata-

Iytic nanoparticle by connecting the first linker and the
second linker;

attaching a third linker comprising a condensation product

of a linker having an amine functional group and linker
having a carboxylic acid functional group is to a first
metal nanoparticle;
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attaching a fourth linker comprising a condensation prod-
uct of a linker having an amine functional group and a
linker having a carboxylic acid functional group is to a
second metal nanoparticle said metal of said second
metal nanoparticle being selected from the group con-
sisting of gold, silver, and copper; and

attaching the second metal nanoparticle to the first metal

nanoparticle by connecting the third linker and the
fourth linker.

13. The method according to claim 12, wherein like ones of
the first through fourth linkers do not attach to one another.

14. The method according to claim 12, wherein the metal
nanoparticles are comprised of gold.

15. The method according to claim 12, wherein the first,
second, third, and fourth linkers are each of a same length.

16. The method according to claim 12, wherein the first and
third linkers have one end terminating in a carboxylic acid
group.

17. The method according to claim 12, wherein the second
and fourth linkers have one end terminating in an amine
group.

18. The nanostructure according to claim 1, wherein the
metal nanoparticles are comprised of silver.

19. The nanostructure according to claim 1, wherein the
metal nanoparticles are comprised of copper.

20. The method according to claim 12, wherein the metal
nanoparticles are comprised of silver.

21. The method according to claim 12, wherein the metal
nanoparticles are comprised of copper.
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